Abstract Calorie restriction (CR) slows aging and is thought to improve insulin sensitivity in laboratory animals. In contrast, decreased insulin signaling and/or mild insulin resistance paradoxically extends maximal lifespan in various genetic animal models of longevity. Nothing is known regarding the long-term effects of CR on glucose tolerance and insulin action in lean healthy humans. In this study we evaluated body composition, glucose, and insulin responses to an oral glucose tolerance test and serum adipokines levels in 28 volunteers, who had been eating a CR diet for an average of 6.9±5.5 years, (mean age 53.0±11 years), in 28 age-, sex-, and body fat-matched endurance runners (EX), and 28 age-and sex-matched sedentary controls eating Western diets (WD). We found that the CR and EX volunteers were significantly leaner than the WD volunteers. Insulin sensitivity, determined according to the HOMA-IR and the Matsuda and DeFronzo insulin sensitivity indexes, was significantly higher in the CR and EX groups than in the WD group (P=0.001). Nonetheless, despite high serum adiponectin and low inflammation, ∼40% of CR individuals exhibited an exaggerated hyperglycemic response to a glucose load. This impaired glucose tolerance is associated with lower circulating levels of IGF-1, total testosterone, and triiodothyronine, which are typical adaptations to life-extending CR in rodents.
Introduction
Long-term calorie restriction (CR) without malnutrition, the most robust intervention to extend average and maximal lifespan in rodents (Fontana & Klein 2007) , improves insulin sensitivity, reduces fasting glucose, and insulin concentration in rodents and monkeys (Masoro et al. 1992; Kemnitz et al. 1994; Lane et al. 1995; Cefalu et al. 1997; Barzilai et al. 1998; Gresl et al. 2001) , and in some (Lane et al. 1995; Masoro et al. 1992 ), but not all cases (Kalant et al. 1988; Bodkin et al. 1995; Cefalu et al. 1997; Barzilai et al. 1998) , improves glucose disposal compared with ad libitum fed animals. It has been proposed that improved insulin sensitivity, and reduced plasma glucose with less glycation of macromolecules, play a major role in the life-extending effect of CR (Cerami 1985) . However, recent evidence suggests that localized (e.g. adipose tissue and brain) or systemic insulin resistance is associated with increased life span in various genetically altered mice. Fat-specific insulin-receptor knock-out (FIRKO) mice, which lack the insulin receptor in adipose tissue, brain insulin receptor substrate 2 null mice, insulin receptor substrate 1 null mice, and Klotho mice are long-lived, despite reduced insulin signaling and/or mild lifelong insulin resistance (Bluher et al. 2003; Taguchi et al. 2007; Selman et al. 2008; Kurosu et al. 2005) . Moreover, maximum lifespan is not increased in rats that maintain a low body fat mass by performing regular exercise, whereas maximal lifespan is increased in sedentary paired weight rats that are food-restricted, even though the adipocytes of the exercising animals are more insulin sensitive than the adipocytes of the CR animals (Craig et al. 1987; Holloszy 1997) . Finally, transgenic mice overexpressing GLUT4 protein in heart, skeletal muscle, and adipose tissue have lower average daily values of plasma glucose over the lifespan than wild-type mice but do not live longer, whereas maximal lifespan is increased in GLUT-4 transgenic and non-transgenic mice on CR (McCarter et al. 2007 ).
We are not aware of any studies that have evaluated the effects of long-term CR on glucose homeostasis in humans. Therefore, the purpose of the present study was to determine the effect of long-term CR on glucose tolerance, insulin action, and metabolic variables that affect glucose homeostasis. Circulating levels of glucoregulatory variables (e.g. adiponectin, resistin, IL-6, TNF-alpha receptors, and free fatty acids), glucose, and insulin before and after a glucose load were determined in lean men and women who had been practicing severe CR for years, in age-, sex-, and total body fat-matched endurance runners (EX) consuming a high-calorie diet, and in age-and sex-matched non-obese sedentary subjects consuming Western diets (WD).
Materials and methods
Study subjects Twenty-eight individuals who had been practicing severe CR with adequate nutrition for an average of ∼7 years (range 3-20 years) were recruited through the Calorie Restriction Society; four were from the St. Louis area and the others came to the Washington University Medical Center from other cities in the USA and Canada. Twenty-eight individuals, who are longterm endurance runners, matched with the CR group in terms of age, sex, height, and body fat were used as a lean comparison group. The endurance runners ran an average 48 miles/week (range 20 to 90 miles/week), and had been training regularly for an average of 21 years (range 5-35 years). Twenty-eight sedentary (regular exercise <1 h per week) individuals eating typical Western diets matched with the CR and EX groups in terms of age, sex, and height served as a sedentary comparison group. The characteristics of the study participants are shown in Table 1 . None of the Dietary assessment Participants were instructed by a research dietician to record all food and beverages consumed, preparation methods, and portion sizes for seven consecutive days. To assist with portion size determinations, measuring spoon and cup sets were provided to the participants, and the food diaries had a ruler imprinted on the back cover. Food records were analyzed by using the NDS-R program (version 4.03_31), which is the Nutrition Data System for research from the Nutrition Coordinating Center at the University of Minnesota.
Fasting blood draw and OGTT All the subjects tested were on a stable diet, at a stable weight, with a stable level of exercise, and without acute illness or recent hospitalization. All of the study participants were eating more than 150 g of carbohydrate per day. All the CR volunteers were admitted to the Washington University GCRC the day before the oral glucose tolerance test (OGTT) and were given a meal containing at least 150 g of carbohydrate between 6 and 8 pm. A venous blood sample was taken to determine glucose, insulin, C-peptide, fructosamine, soluble receptor for advanced glycation end-products (sRAGE), and several circulating glucoregulatory factors concentrations after an overnight fast. Whole blood was allowed to clot and then centrifuged. . Plasma free fatty acids were determined using the NEFAC test kit (Wako Chemicals USA, Inc., Richmond, VA, USA). Glycerol-blanked triglycerides were measured by automated enzymatic commercial kits (Miles-Technicon, Tarrytown, NY, USA). High-density lipoprotein cholesterol (HDL-C) was measured in plasma after precipitation of apolipoprotein B-containing lipoproteins by dextran sulfate (50,000 MW) and magnesium. Two-hour, 75-g OGTTs were started between 7 and 9 am. The participants were instructed to refrain from exercise for at least 48 h prior to the OGTT. Plasma glucose was measured by the glucose oxidase method (YSI Stat Plus, Yellow Springs, OH, USA), insulin and C-peptide by double antibody radioimmunoassay (Linco Research). Total areas under the curve (AUCs) were calculated for the OGTT plasma glucose and insulin responses using the trapezoidal rule (Allison et al. 1995) . Insulin resistance was calculated using homeostasis model assessment of insulin resistance {HOMA-IR = [fasting glucose (mmol/l) × fasting insulin (mIU/L)]/22.5} (Matthews et al. 1985 ). An index of insulin sensitivity (ISI) was calculated according to the method of Matsuda and Defronzo (Matsuda & DeFronzo 1999) .
VO2max measurement VO2max was determined by indirect calorimetry during an incremental exercise test to exhaustion (Kohrt et al. 1991 ). Participants walked on a level treadmill at a pace that elicited 60-70% of age-predicted maximal heart rate for a 5-min warm-up. The speed was then set at the fastest comfortable pace, and the grade was increased 1-2% every 1-2 min until volitional exhaustion, electrocardiographic changes, or other abnormalities that rendered it unsafe to continue.
Statistical analysis
One-way analysis of variance (ANOVA) was used to compare group variables followed by Tukey post hoc testing where indicated. One-way ANOVA by ranks was performed for nonnormally distributed data. Unpaired Student t test (normally distributed variables with approximately equal standard deviations) and Wilcoxon two-samples test (variables not normally distributed, or with unequal standard deviations) were used to compare group variables in the CR-NGT and CR-IGT subgroups. Pearson correlation was used to assess associations between continuous variables. Statistical significance was set at P<0.05 for all tests. All data were analyzed by using SPSS FOR WINDOWS software, version 12.0 (SPSS Inc, Chicago). All values are expressed as means ± SD.
Results

Body weight and composition
Mean values for body weight and BMI were significantly different between the three groups (Table 1) . Total body fat and trunk fat were similar in the CR and EX groups, and lower than in the WD group (Table 1) . In men, lean mass was lower in the CR group than in the EX and WD group (Table 1) .
Nutrient intake
Nutrient intakes differed significantly between the diet groups. The CR subjects designed their diets in order to consume a balance of foods that supply more than 100% of the recommended daily intake (RDI) for all the essential nutrients, while minimizing energy content (1,112-2,415 kcal/day). They eat a wide variety of vegetables, fruits, nuts, low-fat dairy products, egg whites, wheat and soy proteins, fish, and meat (∼23% calories from protein, ∼28% from fat, ∼48% from complex carbohydrates, and 1% from alcohol). All of the CR groups strictly avoid refined and processed foods containing transfatty acids and high glycemic foods (e.g. refined carbohydrates, potato, white rice, and soft drinks). The comparison group ate typical US diets containing nearly twice as many calories as the CR group (1,976-3,537 kcal/day; ∼16% calories from protein, ∼32% from fat, ∼48% from carbohydrates, and 4% from alcohol). As expected the EX group ate a typical American diet but with a higher energy intake to compensate for the energy expended due to the high volume of daily training (2,651-4,459 kcal/day; ∼16% calories from protein, ∼32% from fat, ∼49% from carbohydrates, and 3% from alcohol).
Circulating adipokines, cytokines, and markers of glycation Serum adiponectin concentration was significantly higher in the CR group than in the EX or WD groups (Table 2 ). Serum resistin concentration was significantly lower in the CR group than in the WD group (Table 2) . Serum IL-6 concentration was significantly and similarly lower in the CR and EX groups than in the WD group (Table 2) . Serum soluble TNF R-I and TNF R-II concentrations were significantly and similarly lower in the CR and EX groups than in the WD group (Table 2) . Serum fructosamine concentration was significantly higher in the CR group, and tended to be higher in the WD group, than in the EX group (Table 2) . Serum sRAGE concentration was significantly higher in the EX group than in the WD group, and tended to be higher than in the CR group (Table 2) . Fasting serum free fatty acids were significantly higher in the CR group than in the WD group (Table 2) .
Glucose tolerance and insulin action
Insulin sensitivity, assessed by HOMA-IR and ISI by Matsuda and De Fronzo were significantly higher in the CR and EX groups than in the WD group (P= 0.001; Table 3 ). Nonetheless, the 120-min plasma glucose level during the oral glucose tolerance test was higher in the CR group, despite a fasting plasma glucose concentration that was significantly lower in the CR group than in the EX and WD groups (Table 3, Fig. 1 ). Plasma 30-min glucose concentration was significantly lower in the CR group than in the WD group, whereas plasma 90-and 120-min glucose concentration was significantly higher in the CR group than in the EX group (Table 3, Fig. 1 ). Plasma insulin concentrations measured at 0, 30, 60, and 90 min after the glucose load were significantly lower in the CR and EX groups than in the WD group (Table 3 , Fig. 1 ). Plasma C-peptide concentrations measured at 0, 30, and 60 min after the glucose load were significantly lower in the CR and EX groups than in the WD group (Table 3, Fig. 1 ). Plasma Cpeptide concentrations measured at 90 min after the glucose load were significantly lower in the EX group than in the CR and WD group (Fig. 1) . Plasma 2-h insulin and C-peptide concentrations were significantly lower in the EX group than in the CR and WD groups (Table 3 , Fig. 1 ). Body composition, glucose tolerance, insulin action, hormones, and growth factors in two subgroups of CR volunteers.
It was evident on inspection of the data that the CR participants fell into two groups, those with normal glucose tolerance (CR-NGT; n=17) and those with impaired glucose tolerance, i.e., a 2-h glucose level above 140 mg/dl (CR-IGT; n=11). To try to obtain some insight regarding the mechanism responsible for this difference, we did a post hoc evaluation of the data. There were no significant differences between the CR-NGT and CR-IGT groups in either the HOMA-IR (0.32±0.20 versus 0.24±0.10) or the ISI (19.6±7.6 versus 16.8±4.7). Fasting plasma glucose, insulin, and C-peptide concentrations were similarly low in the two CR subgroups (Fig. 2) . Plasma 30-, 60-, 90-, and 120-min glucose concentrations were significantly higher in the CR-IGT subgroup than in the CR-NGT subgroup (Fig. 2) . Glucose AUC was significantly higher in the CR-IGT group 19:2 AE 2:1 Â 10 3 mg min=dL ð Þ than in the CR-NGT subgroup (14:1 AE 2:1 Â 10 3 mg min=dL; P=0.0001). Plasma insulin and C-peptide concentrations after the glucose load were not significantly different between the two CR subgroups except for the 120-min C-peptide value, which was higher in the CR-IGT groups (Fig. 2) . Insulin AUC and C-peptide AUC were not significantly different between the CR-IGT group (3:6 AE 1:8 Â 10 3 mU min=mL and 0:65 AE 0:19Â 10 3 ng min=mL) and the NGT-CR group (3:4 AE 1:7Â 10 3 mU min=mL and 0:54 AE 0:17 Â 10 3 ng min=mL, respectively).
Mean values for age, total body fat, and lean mass were not different between the two CR subgroups, whereas BMI was significantly lower in the CR-IGT subgroup than in the CR-NGT subgroup (Table 4 ). Total energy intake was not different between the two CR subgroups, but fiber intake was significantly higher in the CR-IGT group (Table 4) . VO2max was markedly lower in the CR-IGT subgroup than in the CR-NGT subgroup (Table 4) . Serum concentrations of metabolic and inflammatory markers (i.e., HDL-cholesterol, triglycerides, free fatty acids, fructosamine, and C-reactive protein) and adipokines (i.e., adiponectin, leptin) were also not significantly different between the two CR subgroups (Table 4 ). In contrast, serum concentration of total testosterone and IGF-1 were significantly lower, and serum triiodothyronine concentration tended to be Fig. 1 Long-term effects of CR and EX on glucose tolerance and insulin action. Mean (±SE) plasma glucose, insulin, and C-peptide concentrations before and after an oral glucose tolerance test for the calorie-restricted (CR) group (black circle), the exercise (EX) group (open circle), and the Western diet (WD) group (black triangle). Baseline values were significantly different between groups for glucose, insulin, and C-peptide (ANOVA). *P≤0.05, significantly different from WD group (Tukey's tests). **P≤0.05, significantly different from EX group (Tukey's tests). †P≤0.05, significantly different from CR group (Tukey's tests) lower, in the CR-IGT group than in the CR-NGT group (Table 4 ). In the CR group glucose AUC was inversely correlated with serum IGF-1, total testosterone concentrations, and triiodothyronine (Fig. 3) .
Discussion
In this study, we compared glucose tolerance, insulin action, and adipokine production in healthy weightstable lean men and women, who were consuming a self-imposed CR diet, containing more than 100% of the RDI for all essential nutrients, for 3 to 20 years, with age-, sex-, and body fat-matched endurance runners, and age-and sex-matched sedentary individuals, who were consuming Western diets. Our data show that insulin sensitivity, determined by HOMA-IR index and the Matsuda and DeFronzo ISI, was significantly higher in the CR and EX groups than in the WD group. However, although the average values for the HOMA-IR and the Matsuda ISI indicate that the CR group was more insulin sensitive than the WD group, ∼40% of the CR individuals exhibited impaired glucose tolerance in response to a glucose load, which suggests that HOMA-IR is not a good surrogate marker of insulin sensitivity in people practicing CR. Interestingly, serum fructosamine concentration, a marker of glycation, was higher in the CR and WD groups than in the EX group.
Aging and many age-associated diseases in both humans and rodents are associated with progressive increase in fasting insulin concentration and insulin resistance (Meigs et al. 2003; Basu et al. 2003; Reaven 1995) . However, the relationship between aging/agingrelated diseases and insulin resistance is confounded by associated factors such as excessive abdominal adiposity, decreased physical activity, hyperinsulinemia, dyslipedemia, inflammation, and other metabolic and hormonal components of the metabolic syndrome (Barzilai et al. 1998; Reaven 1995) . It is intriguing that based on the 2-h OGTT plasma glucose values, 11 of our CR subjects met diagnostic criteria for glucose intolerance (Genuth et al. 2003) , and six of the CR-NGT subjects had high-normal 2-h glucose values, even though all CR subjects were extremely lean and had very low fasting plasma concentrations of glucose and insulin, and an outstanding metabolic profile (very low triglyceride, high HDL-cholesterol, high adiponectin, and extremely low C-reactive protein concentrations; Fontana et al. 2006) . The elevated glucose levels after the glucose load, in the CR-IGT group, compared to the CR-NGT group, cannot reflect acute CR, because all the volunteers were instructed to maintain their usual diet and weight stability. Carbohydrate restriction seems also unlikely as a possible cause for the glucose intolerance in the CR-IGT group, both because 150 g Fig. 2 Glucose tolerance and insulin action in glucoseintolerant and glucose-tolerant CR individuals. Mean (±SE) plasma glucose, insulin, and C-peptide concentrations before and after an oral glucose tolerance test for the calorie restricted normal glucose tolerance (CR-NGT) subgroup (black circle) and the calorie restricted impaired glucose tolerance (CR-IGT) subgroup (open circle). *P≤0.05, significantly different from CR-IGT subgroup (Student t test) of carbohydrate appears to be sufficient to prevent impairment of glucose tolerance due to carbohydrate deficiency (Wilkerson et al. 1960 ; American Diabetes Association 2009) and because the CR-NGT group carbohydrate intake was similar to that of the CR-IGT group. Finally, the elevated glucose levels after the glucose load, in the CR-IGT group, compared to the CR-NGT group, cannot be explained by a reduced insulin response as their insulin levels were similar during the OGT. Therefore, our data suggest that severe chronic CR, in some individuals, may be associated with a relative peripheral insulin resistance mainly due to a low muscle mass with decreased capacity to take up glucose. This will have to be confirmed by more definitive studies that can directly assess insulin secretion and sensitivity.
One possible explanation for the reduced glucose disposal following a glucose load in the CR practitioners may be a protective physiological adaptation to prevent hypoglycemia, which is considered part of the adaptive response to fasting (Jensen et al. 1987) . This hypothesis is supported by the finding that impaired glucose tolerance in the CR-IGT group was associated with lower circulating levels of IGF-1, total testosterone, leptin, and triiodothyronine, which are key metabolic/ hormonal adaptations to CR in rodents (Fontana & Klein 2007) . The combination of decreased fasting levels of serum triiodothyronine, leptin, and anabolic hormones (i.e., IGF-1, testosterone, and insulin), and increased levels of adiponectin is a clear indication that these individuals are in a state of "sensing" severe energy restriction.
During periods of severe food deprivation, increased insulin sensitivity and glucose disposal are clearly detrimental to survival of the organism, because of severe hypoglycemia risk. In contrast, decreased insulin sensitivity and glucose disposal could enhance survival, by preventing hypoglycemia and maintaining circulating glucose for organs that require glucose as a fuel (Cahill 2006) . This hypothesis is supported by the finding that chronic CR or prolonged starvation in normal mice induces impairment of insulin signaling at a receptor and post-receptor level (Rao 1995; Du et al. 2003) . For example, prolonged starvation causes an elevation of the insulin signaling (Akt) inhibitor TRB3 in the liver, despite the very low levels of circulating insulin (Du et al. 2003) . Moreover, prolonged fasting in insulin-resistant hypoinsulinemic rats causes a reduction in insulin-induced phosphorylation of the protein Shc (an insulin receptor substrate) in the liver and adipose tissue, whereas a significant increase in Shc activation was observed in adipose tissue, skeletal Values are means ± SD muscle, and liver of insulin-resistant hyperinsulinemic old rats (Páez-Espinosa et al. 1999) . Thus, from an evolutionary point of view, a CR-mediated reduction in insulin signaling could be a protective metabolic response against hypoglycemia when food is scarce.
Interestingly, recent evidence suggests that decreased insulin signaling, and not enhanced insulin sensitivity, is implicated in the delayed aging phenotype of some of the animal models of increased longevity, such as klotho transgenic mice, insulin receptor substrate 1 null mice, brain insulin receptor substrate 2 null mice, and FIRKO mice (Bluher et al. 2003; Taguchi et al. 2007; Selman et al. 2008; Kurosu et al. 2005) . It is also intriguing that glucose tolerance in response to a glucose load was reduced, and insulin sensitivity in response to an intravenous insulin tolerance test was enhanced in long-lived Ames dwarf and growth hormone receptor KO mice, that have extremely low circulating levels of fasting IGF-1 and insulin, and hypothyroidism (Dominici et al. 2002; Coschigano et al. 1999 ). Therefore, it may be possible that severe CR decreases signaling through the insulin pathway in some tissues and this may play a role in mediating expression of anti-aging genes and negatively regulating the expression of pro-aging genes by reducing AKT/protein kinase B (PKB) and class O of forkhead box transcription factors (FoxO) activities (Dominici et al. 2003; Hsieh and Papaconstantinou 2004; Salih and Brunet 2008) .
While the finding that various strains of long-lived mice are insulin resistant is interesting relative to our finding of IGT in the CR-IGT group, it must be kept in mind that there is currently no evidence that CR slows primary aging in humans. Also, it is not known which of the biological effects of CR in rodents are responsible for the increase in maximal life span. So, the idea that the "insulin resistance" in the CR-IGT group might have the effect of slowing aging, based on the finding that a number of insulin-resistant strains of mice are long-lived is just a hypothesis/ speculation at this point.
The mechanism responsible for the higher glucose tolerance and insulin action, and lower glycation of plasma proteins in our endurance athletes is likely related to exercise itself, rather than changes in body composition caused by exercise. Even though relative fat mass was low and similar in the EX and CR groups, 2-h glucose and 2-h insulin concentrations were ∼22% and ∼55% lower in the EX group than in the CR group. Serum fructosamine concentration, a marker of nonenzymatic glycation of serum proteins that integrates plasma glucose fluctuations over the Fig. 3 Relationship between glucose AUC and serum IGF-1 concentration (upper panel), serum triiodothyronine concentration (middle panel), and serum total testosterone concentration (lower panel) in the CR group. Pearson correlation was used to assess associations between continuous variables preceding 2-3 weeks (Tahara and Shima 1995) , was higher in the CR group than in the EX group. In addition, soluble RAGE, a decoy receptor that antagonizes the toxic effects of RAGE-mediated signaling, was higher in the EX group than in the CR and WD groups (Koyama et al. 2007) . It is well known that endurance exercise training has positive effects on glucose tolerance, insulin sensitivity, and responsiveness in addition to those that result from a low adiposity (Holloszy 2005) . Physical training causes multiple adaptations in skeletal muscle that contribute to increased insulin action, including upregulation of muscle GLUT4 protein, and increased enzyme capacities, that disappears after few days of detraining (Ebeling et al. 1993; Yu et al. 2001; Hughes et al. 1993) . While exercise induces an acute, insulin-independent activation of glucose transport in muscle, this effect wears off within 3 to 4 h and is replaced by increases in insulin sensitivity and responsiveness (Holloszy 2005) .
This study has potential limitations. One is the fact that the CR volunteers are a heterogeneous group, and therefore differences in macro-or micronutrient content of their diets as well as in fitness (as evidenced by the lower VO2 max in the IGT-CR group) may be responsible, at least in part, for the differences in glucose tolerance. Another limitation was the lack of use of a glucose clamp to calculate insulin sensitivity. On the other hand, a limitation of the hyperinsulinemic euglycemic clamp is that utilizes steady-state insulin levels that may be supraphysiological, resulting in a reversal of the normal portal to peripheral insulin gradient.
In conclusion, the results of this study demonstrate that endurance exercise training is associated with better glucose tolerance, insulin action, and protein glycation, than severe CR, independent of body fat mass and basal adipokine production. The results of this study provide the new information that long-term severe CR is associated with impaired glucose tolerance in some individuals, presumably because of decreased insulin-mediated glucose disposal. This reduced glucose disposal is associated with lower circulating levels of IGF-1, total testosterone, and triiodothyronine, which are typical adaptations to CR in rodents.
